Tetracalcium phosphate (TTCP, Ca 4 (PO 4 ) 2 O) was prepared by the calcination of coprecipitated mixture of nanoscale hydroxyapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 ) and calcium carbonate crystal (CaCO 3 ), followed by cooling in the air or furnace. The effect of calcination temperature on crystal structure and phase composition of the coprecipitation mixture was characterized by transmission electron microscope (TEM), thermal analysis-thermogravimetry (DTA-TG), X-ray diffraction (XRD), Fourier transform-infrared spectroscopy (FT-IR), and Raman spectroscopy (RS). The obtained results indicated that the synthesized mixture consisted of nanoscale HA and CaCO 3 with uniform distribution throughout the composite. TTCP was observed in the air quenching samples when the calcination temperature was above 1185 ∘ C. With the increase of the calcination temperature, the amount of the intermediate products in the air quenching samples decreased and cannot be detected when calcination temperature reached 1450 ∘ C. Unexpectedly, the mixture of HA and calcium oxide was observed in the furnace cooling samples. Clearly, the calcination temperature and cooling methods are critical for the synthesis of high-purity TTCP. The results indicate that the nanosize of precursors can decrease the calcination temperature, and TTCP can be calcinated by low temperature.
Introduction
Monoclinic tetracalcium phosphate (CaO(PO 4 ) 2 , TTCP), a kind of calcium phosphates which can be formed in the (CaO-P 2 O 5 ) system at high temperature (>1300 ∘ C), is the only calcium phosphate phase with a Ca/P ratio greater than stoichiometric hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HA). It shows moderate reactivity and solubility when combined with acidic calcium phosphates such as dicalcium phosphate anhydrous (CaHPO 4 , DCPA, monetite) or dicalcium phosphate dihydrate (CaHPO 4 ⋅2H 2 O, DCPD, brushite). Therefore, TTCP has been widely used in self-setting calcium phosphate cements for bone regeneration, which consequently leads to the formation of HA in physiologic conditions [1] [2] [3] [4] .
The preparation of high-purity TTCP powders, an important raw material in the field of calcium phosphate bone cements, is the key to fabricate calcium phosphate bone cements (CPC) with desirable performance in vivo.
Regarding the synthesis of TTCP, there are mainly two approaches. One is direct solid-state reaction and the other is wet process reaction. The solid-state reaction at high temperature has been widely used in the synthesis of TTCP [5] [6] [7] . This technique is usually based on the use of mixtures of calcium carbonate (CaCO 3 ) and dicalcium phosphate anhydrate (CaHPO 4 ) (Ca/P ratio of 2), followed by heating at 1450-1500 ∘ C for 6-12 h. However, the treatment time of this method is long and the obtained products are generally not pure, including other phases such as calcium phosphates and even calcium oxide [8] [9] [10] [11] . Dai et al. [12] have prepared the HA and CaO doped TTCP by this method. On the other hand, wet process reaction mainly refers to coprecipitationsolid state reaction. The nanoscale hydroxyapatite-calcium carbonate powder mixture was firstly prepared by the coprecipitation, followed by calcination at 1500 ∘ C to obtain TTCP. In this way, high purity TTCP can be obtained at low 2 Journal of Nanomaterials temperature by this time-saving and facile method which most likely resulted from the small dimension effect and surface effect of precipitated nanoparticles. In this study, we present a modified method for the preparation of pure TTCP based on nanosized powder mixtures of the calcium carbonate and hydroxyapatite by wet process reaction and then calcinated at different temperature. The phase transition resulting from the synthesizing process of TTCP was investigated by TEM, DTA-TG, XRD, FT-IR, and RS. The reaction mechanism was explored, and the optimal temperature for synthesis of TTCP ceramics with high purity was obtained.
Materials and Methods

Preparation of Sample.
Calcium nitrate (Ca (NO 3 ) 2 ⋅4H 2 O) (Shanghai ShanPu Chemical Reagent Co., Ltd., China), diammonium hydrogen phosphate ((NH 4 ) 2 HPO 4 ) (Tianjin Dengke Chemical Reagent Co. Ltd., China), ammonium carbonate ((NH 4 ) 2 CO 3 ) (Tianjin Kermel Chemical Reagent Co., Ltd., China), and all other reagents used in the present study were of analytical grade.
The (NH 4 ) 2 HPO 4 aqueous solution was slowly dropped into the stirred Ca(NO 3 ) 2 aqueous solution at water bath with the temperature of 60 ∘ C with a Ca/P molar ratio 2, and the pH for mature solution was adjusted to 11-12 by ammonium solution (26-28 vol%). After stirring for 2 h and precipitating for 24 h, pump filter was followed by washing 3 times with alcohol and drying in vacuum drier at 90 ∘ C for 24 h. After that the mixtures of nano-hydroxyapatite (n-HA) and nanocalcium carbonate (nano-CaCO 3 ) were acquired. The dried mixture was calcinated at 850 ∘ C, 1150 ∘ C, 1200 ∘ C, 1250 ∘ C, 1300 ∘ C, 1350 ∘ C, 1400 ∘ C, 1450 ∘ C, and 1500 ∘ C in an alumina crucible with a heating rate of 10 ∘ C/min and kept for 8 h. The product was rapidly cooled to room temperature by means of a lifting device in the air (about cooling rate 150 ∘ C/min). In addition, some mixing powder calcinated at 1400 ∘ C, 1450 ∘ C, and 1500 ∘ C was cooled to room temperature in the furnace (about cooling rate 1 ∘ C/min).
Characterization of Sample.
The morphology and microstructure of the precipitate mixtures were examined by transmission electron microscopy (TEM, JEM-2100 (URP), Jeol, Japan). Powder XRD was used for phase analysis of the samples. The analysis was carried out on an X-ray diffractometer (XRD, D8ADVANCE, Bruker, Germany) equipped with a monochromator in the diffracted beam. The diffraction spectra were recorded from 15 ∘ to 60 ∘ using CuKa (wavelength = 0.154056 nm, 40 mA, 40 kV) radiation with step size 0.05 ∘ and step duration 1 s.
DTA-TG was conducted on the as-prepared powders (10 mg) to ascertain the thermal stability and decomposition temperature. DTA-TG was performed using thermal analysis-thermogravimetry (DTA-TG, STA409PC/4/H, NETZSCH, Germany) at a heating rate of 10 ∘ C min −1 from 50 to 1500 ∘ C in a static air atmosphere. For excitation of Raman spectra the 514. 5 
where is the crystal interplanar distance, is the camera constant, and is radius of diffractions rings. By comparing the calculated interplanar distance with standard PDF CARDS, it was confirmed that the synthetic crystals were composed of n-HA and n-CC. The corresponding (HKL) value of diffraction rings has been marked in Figures 1(b) and 1(c). Figure 2 shows the TG-DTA diagram of synthesized samples. It was observed that the weight loss was about 5.5% when the temperature changed from room temperature to 230 ∘ C, mainly caused by the loss of adsorbed water in the sample. Lattice water of the samples was removed in the temperature range of 230-570 ∘ C and the weight loss was shown to be about 2.5%. CaCO 3 was decomposed (equation (2)) in the temperature range of 570-850 ∘ C and weight loss was about 4.59%. In the range of 850-1185 ∘ C, the nonstoichiometric HA was decomposed into -tricalcium phosphate ( -Ca 3 (PO 4 ) 2 , -TCP) and HA (equation (3)) [13] . While the temperature exceeded 850 ∘ C, HA could react to form oxygen apatite (Ca 10 (4)) [13, 14] . When reaction temperature was above 1050 ∘ C, Ca 10 (PO 4 ) 6 (OH) 2 could react to form -TCP and TTCP (equation (5)) [13] ; while the temperature exceeded 1350 ∘ C, -TCP could transform into -tricalcium phosphate ( -Ca 3 (PO 4 ) 2 , -TCP) (equation (6)) [13] ; meanwhile, the -TCP and HA were formed by the reaction as shown in (3), which could also react to form -TCP and TTCP in the temperature range of 1185-1255 ∘ C (equation (7)) [13] . Moreover, when the enough CaO existed in the calcination Journal of Nanomaterials samples, the final products TTCP could be formed by reaction shown in (8) and (9) [11, 13] . Consider the following:
Thermal Analysis.
nonstoichiometric HA
and stoichiometric HA
3.3. XRD Analysis. Figure 3 shows the XRD patterns of the air-cooled quenching products sintered at different temperatures. ∘ decreased. Such phenomena may be due to the formation of a little amount of TTCP, causing an absence of characteristic peak of TTCP.
If the coprecipitation mixture was calcinated at 1250 ∘ C to 1500 ∘ C for 8 h followed by air-cooling, the characteristic peaks of the resultant products were at 21. 25-1137 of TTCP. Meanwhile, the disappearance of CaO characteristic peaks showed that the high-purity TTCP can be prepared with the temperature rising to more than 1250 ∘ C. Figure 4 displays XRD patterns of samples by different cooling methods after the high temperature calcination. It was obvious that the furnace-cooled samples exhibited characteristic peak of calcium oxide at ca. 37. are relatively similar, which makes it quite difficult to identify the phase composition of this mixture, thereby confirming the previous conclusion that with the furnace cooling method pure TTCP cannot be obtained [15] . [16, 17] . Figure 5 shows the FT-IR spectra of the calcinated and air-cooled products. The peak at 3644 cm −1 was related to stretching vibration of OH − group in calcium hydroxide [15] , which existed in the samples calcinated from temperature between 850 ∘ C and 1200 ∘ C for 8 h. This fact was evidenced by the OH band (at 3644 cm −1 ), which was derived from Ca(OH) 2 formed through absorption of water by CaO [18] . The disappearance of peak at 3644 cm −1 and bending vibration of OH − in HA at 635 cm −1 at the temperature above 1200 ∘ C indicated that calcium oxide and HA were obtained; thus they were consumed during reaction, which was too little to be detected. This phenomenon was consistent with characteristic diffraction peaks of calcium oxide in Figure 3 , in which samples were calcinated from 850 ∘ C to 1200 ∘ C, respectively.
FT-IR
The peak at 3672 cm −1 was derived from the stretching vibration of OH − group in HA. This peak existed in these samples calcinated from 850 ∘ C to 1400 ∘ C for 8 h. However, the peak intensity was gradually weakened and disappeared when the calcination temperature went up to 1450 ∘ C. This indicated that the calcinated samples contained a some of HA under 1450 ∘ C, which could be decomposed when calcination temperature was above 1450 ∘ C. When calcination temperature went up to 1450 ∘ C and 1500 ∘ C, the characteristic peaks of the TTCP at 454 cm 2 and CO 2 in the air. This result revealed that TTCP was decomposed into HA and CaO during the furnace cooling. Figure 7 shows the Raman spectra of synthetic samples by air-cooled quenching at various temperatures. As can be seen from Figures 7(b) and 7(g) were gradually weakened with the temperature increasing from 850 ∘ C to 1200 ∘ C; finally the Raman peak at 3619 cm
RS Analysis.
disappeared and only a strong OH − Raman peak of HA at 3571 cm −1 was retained when calcinated at 1250 ∘ C. The peak at 3571 cm −1 also gradually decreased with the increasing temperature, which was almost invisible at 1400 ∘ C, and completely disappeared when the temperature reached 1450 ∘ C. The results suggested the formation of TTCP resulting from the reaction between CaO and HA with the calcination temperature increased, as given by the following equations:
Equation (2) represented the existing reaction at 850 ∘ C, in which the appearance of the OH − Raman peak in Ca(OH) 2 was observed, which resulted from the reaction of calcium oxide and the water in the air. Equation (10) represented the reaction occurring when calcination temperature was up to 1150 ∘ C and above 1150 ∘ C, which was evidenced by the change of Raman peak of the sample. As can be seen from Figure 7 (d), the symmetric bending vibration peaks ] 2 of PO 4 3− appeared at 389 cm −1 and 407 cm −1 , and the original characteristic peak at 429 cm −1 was weakened at 1200 ∘ C. The Raman peak at 429 cm −1 disappeared with the increase of temperature. Meanwhile, the Raman spectrum showed that the asymmetric bending vibrations peaks ] 4 of PO 4 3− at 578 cm −1 , 589 cm −1 , and 606 cm −1 were splitted into six peaks at 555 cm −1 , 565 cm −1 , 576 cm −1 , 597 cm −1 , 608 cm −1 , and 616 cm −1 . As can be seen from Figure 7 (e), the symmetric stretching vibration of PO 4 3− (] 1 ) appeared at 946 cm −1 when it is at 1150 ∘ C, then was splitted into four intense distinct peaks at 941 cm −1 , 948 cm −1 , 957 cm −1 and 963 cm −1 when it was increased to 1200 ∘ C. Meanwhile, the appearance of lattice vibration Raman peak of TTCP at about 326 cm −1 in the calcination samples was confirmed. The reaction showed as (10) did not cease until it was up to 1450 ∘ C, which can be demonstrated from the disappearance of OH − characteristic Raman peak at 1450 ∘ C. In addition, the DTA curve in Figure 2 showed that the endothermic peaks of crystal structure transition began to occur at 1185 ∘ C in the sample, and it can be confirmed that the initial reaction temperature of (2) was between 1150 and 1200 ∘ C. Figure 8 is the Raman spectra patterns of synthetic samples calcinated at 1500 ∘ C, 1450 ∘ C, and 1400 ∘ C and then cooled by two different methods, and the changes of Raman peaks are listed in Table 2 . The Raman test showed that the furnace cooling samples led to the presence of the characteristic peak of OH − in HA at about 3573 cm −1 and characteristic peak of OH − in Ca(OH) 2 at about 3619 cm −1 . This result revealed that the sample was a mixture of HA and CaO. Posset et al. [17] presented that the Raman peaks of PO 4 3− symmetric stretching vibration ] 1 were its characteristic peak. This peak, splitting or not, gave a major evidence for the difference between TTCP and HA. Only an intense distinct Raman peak in the range between 960 and 940 cm −1 and the spliting peak in the samples by furnace cooling could not be observed, indicating that TTCP can't be obtained by this cooling method. While the air-quenching samples exhibited four intense distinct peaks at this range, which demonstrated that TTCP was only product by air quenching.
3.6. Discussion. At present, common methods for the synthesis of TTCP are limited to solid-state reactions at high temperatures, based on powder mixtures of CaCO 3 and dicalcium phosphate anhydrate (CaHPO 4 ) [19] , in which the particle size of powder is in the micron level, with calcination temperature higher than 1450 ∘ C. Though the reaction time was long enough for 6-12 h, even up to 15-24 h [9, 12, 20] , the products may still contain HA or OHA. Sargin et al. [15] reported several attempts to lower the required processing temperature for the TTCP synthesis using different combinations of various starting products. By varying the process temperatures, they showed that HA or TCP appeared as intermediate products at lower temperatures in all reactions. Although this reaction enabled the formation of TTCP even at 1200 ∘ C, which was much lower than previous report, the purity was lower than that in the product obtained at 1350 ∘ C. Jalota et al. [6] investigated NH 4 H 2 PO 4 and Ca(CH 3 COO) 2 ⋅H 2 O powders to further reduce the temperature required for the preparation of phase-pure TTCP. However, the method was suitable only for the synthesis of HA-seeded TTCP powders, which were very sensitive and easily transformed into HA by mechanochemical activation [21] . Romeo and Fanovich [7] studied a solid-state reaction of CaCO 3 and (NH 4 ) 2 HPO 4 powders mixed with a Ca/P ratio of 2 and ball-milled prior to thermal treatment. The smaller crystallite size of the milled powders increased the reactivity and significantly improved the purity of the final product.
It is well known that the driving force of calcination process comes from the decrease of systematic free energy, including increase in particles bonding areas and the total specific surface area, decrease in surface free energy, void volume and area reduction, the lattice distortion's elimination, and so forth. Due to the surface and interface effect, small size effect of nanoparticles, the driving force of grain growth is very big, decades or even one hundred times that of ordinary powder calcination process. So, this research shows that it is easy to obtain pure TTCP by using the wet method for synthesizing the mixture of nanoscale HA and calcium carbonate, followed by high temperature treatment.
According to [20] , when the temperature was increased, the dehydration or decomposition of the prior formed HA will occur to form weak crystal oxyapatite (Ca 10 (4), (11)), = 0 − , and ◻ is oxygen vacancy [22] . As the thermodynamic metastable equilibrium phase [14] , Ca 0 (PO 4 ) 6 O ( = , OA) was less stable, easy to decompose into tricalcium phosphate (Ca 3 (PO 4 ) 2 , TCP) and CaO (equation (12)). When CaO is relatively excessive in the reaction system, TCP reacted with CaO rapidly with the extension of heat preservation time and TTCP was obtained (equation (9)). In this study, the synthetic mixture of nanoscale HA and CC crystals were calcinated at different temperature. Only characteristic diffraction peaks of HA and CaO were obtained at temperature lower than 1150 ∘ C as shown in Figure 3 , in which the characteristic peak of TTCP appeared at 1200 ∘ C. Meantime, the intensity of characteristic peaks from HA and CaO decreased; the characteristic peaks of CaO disappeared at 1250 ∘ C, which might not be detected in the XRD pattern due to the sensitivity limitations of the instruments. However, as seen in Figure 7 (g), the strong Raman peaks of the OH − in HA showed that it still contained HA at 1250 ∘ C. When the calcination temperature was higher than 1250 ∘ C, the Raman peak intensities of OH − in HA gradually decreased, which however can be still distinguished at 1400 ∘ C. The Raman peak of OH − disappeared at 1450 ∘ C and pure TTCP could be obtained in this case. The results showed that there was no -TCP or -TCP in this experimental process, except for the intermediate products of HA and CaO. When the temperature is higher than 1150 ∘ C, the reaction between HA and CaO occurred directly and TTCP was formed (equation (10) In the preparation process of TTCP by high temperature solid-state reaction, cooling methods are of great importance. After heating, the samples must be rapidly quenched to room temperature in order to avoid the formation of undesired secondary phases such as HA, CaO, CaCO 3 , and -TCP. Bohner [23] pointed out that TTCP could be obtained by a solid-state reaction at high temperatures (typically 1400 ∘ C), usually between equimolar quantities of DCPD and CaCO 3 . This reaction should be carried out in a dry atmosphere of vacuum, or with rapid cooling to prevent TTCP to uptake of water from the environment which might lead to the formation of HA. Guo et al. [11, 20] investigated the effect of cooling rate on the purity of TTCP prepared by high temperature solid-state reaction. The results indicated that the purity of TTCP depended decisively on the cooling rate after TTCP was sintered at 1500 ∘ C for 15 h. Quenching in air was propitious for the formation of pure TTCP, while cooling in furnace will cause the decomposition of TTCP and less TTCP obtained. It showed that cooling rate was a key to the synthesis of TTCP by solid-state reaction.
Conclusion
The high-purity TTCP was prepared via coprecipitation-solid state reaction and calcination of n-HA and nano-CaCO 3 . In contrast, mixtures with good homogenization and weak crystallinity of nanocrystals were obtained using wet method reaction. In the latter preparation method, nano-CaCO 3 and n-HA with high activity can be prepared after coprecipitation. The enhanced reactivity of the mixtures was related to both the loss of crystallinity of the reactants and the generation of defects at the surface of nanocrystals. It was established that the mixture of TTCP, HA, and CaO can be obtained by 8 h of heat treatment at temperature above 1200 ∘ C, and the pure TTCP can be obtained if the temperature was above or equal to 1450 ∘ C.
